Neuroinflammation is consistently found in many neurological disorders, but whether or not the inflammatory response independently affects neuronal network properties is poorly understood. Here, we report that intracerebroventricular injection of the prototypical inflammatory molecule lipopolysaccharide (LPS) in rats triggered a strong and long-lasting inflammatory response in hippocampal microglia associated with a concomitant upregulation of Toll-like receptor (TLR4) in pyramidal and hilar neurons. This, in turn, was associated with a significant reduction of the dendritic hyperpolarization-activated cyclic AMPgated channel type 1 (HCN1) protein level while Kv4.2 channels were unaltered as assessed by western blot. Immunohistochemistry confirmed the HCN1 decrease in CA1 pyramidal neurons and showed that these changes were associated with a reduction of TRIP8b, an auxiliary subunit for HCN channels implicated in channel subcellular localization and trafficking. At the physiological level, this effect translated into a 50% decrease in HCN1-mediated currents (I h ) measured in the distal dendrites of hippocampal CA1 pyramidal cells. At the functional level, the band-pass-filtering properties of dendrites in the theta frequency range (4-12 Hz) and their temporal summation properties were compromised. We conclude that neuroinflammation can independently trigger an acquired channelopathy in CA1 pyramidal cell dendrites that alters their integrative properties. By directly changing cellular function, this phenomenon may participate in the phenotypic expression of various brain diseases.
Introduction
Chronic CNS pathologies, including epilepsy, Alzheimer's and Parkinson's diseases, multiple sclerosis, amyotrophic lateral sclerosis, and neuropathic pain [1] [2] [3] [4] [5] [6] as well as acute brain injuries with long-term neurological sequelae such as infections, stroke, and neurotrauma [7, 8] , display similar neuronal network reorganizations, suggesting the presence of shared pathogenic mechanisms. A common hallmark of these conditions is the presence of neuroinflammation [9] [10] [11] [12] . Neuroinflammation is evoked by infectious or non-infectious (sterile) brain injuries as well as increased neuronal activity (i.e., neurogenic inflammation [10] ), and consists of the induction of molecules and pathways associated with innate immunity activation in glial cells, neurons, and endothelial cells of the blood brain barrier. To date, there has been a lack of studies examining the temporal resolution of the neuroinflammatory response responsible for tissue dysfunction that has been implicated in both acute and chronic CNS diseases [13] . Moreover, it is unclear whether or not neuroinflammation can trigger network reorganization by itself. It is however well established that pivotal components of the neuroinflammatory response such as interleukin (IL)-1β, tumor necrosis factor α, and the danger signal protein High Mobility Group Box 1 (HMGB1), and their related downstream effector molecules, have strong neuromodulatory effects that are evoked by the activation of their cognate receptors expressed by neurons in diseased tissue [9, 10, 14] . Neuroinflammatory mediators can alter voltage-and ligand-gated ion channels [14] , disrupt synaptic plasticity [15] , lower seizure threshold [9] , and even induce epileptiform discharges [16] . Neuroinflammation can also result in learning and memory deficits [15, 17, 18] .
Similar to neuroinflammation, acquired channelopathies can change the way neurons process information and occur in numerous CNS disorders [1, [19] [20] [21] . We thus set out to test whether that a Bpure^neuroinflammatory response induced by intracerebroventricular application of lipopolysaccaride (LPS), a prototypical activator of Toll-like receptor (TLR4) [22] , could induce brain channelopathies. We focused on HCN channels as a model system because they are modified in CNS disorders associated with inflammatory conditions [3, 20, 23] . Moreover, the current conducted by HCN channels, I h , regulates many important physiological functions in a cell-type-dependent fashion including pacemaking activity, resting membrane potential, input resistance, and synaptic integration [24] . HCN channels also play a key role in controlling dendritic integration in hippocampal CA1 pyramidal cells. The high density of I h in distal dendrites [25] attenuates the temporal summation of excitatory inputs [26] and dampens neuronal excitability by decreasing the input resistance [27] . Importantly, I h tunes the membrane to respond optimally to inputs in the theta frequency band, a brain rhythm central to numerous cognitive processes [28] . Therefore, alterations in HCN function may lead to network dysfunctions implicated in hyperexcitabilty and cognitive deficits.
We found that LPS-induced neuroinflammation triggers an HCN channelopathy associated with the induction of proinflammatory microglia and the upregulation of neuronal TLR4, thereby resulting in drastic modifications of information processing in CA1 pyramidal cell dendrites. Our evidence suggests that by directly changing neuronal function, neuroinflammation may participate in the phenotypic expression of various brain diseases, underscoring a key target for therapeutic intervention.
Methods

Experimental Animals
Adult male Sprague-Dawley rats (225-250 g; Charles-River, Calco, Italy; Charles-River, Lyon, France) were housed at constant temperature (23 ± 1°C) and humidity (60 ± 5%) with free access to food and water and a fixed 12-h light/dark cycle. In compliance with the ARRIVE guidelines, procedures involving animals and their care were conducted in conformity with the institutional guidelines that are in compliance with national (D.L. n.26, G.U. March 4, 2014) Common procedures for animal handling and injections were followed at these two sites. All evaluations in animals were done by experienced investigators blinded to the treatment.
Intracerebroventricular Injections
Rats (n = 58) were deeply anesthetized with 1.5% isoflurane anesthesia and stereotaxically injected with LPS (lipopolysaccharide from Escherichia coli serotype 055:B5, Sigma, St. Louis, MO, USA) over 1 min bilaterally into the lateral ventricles (25 μg/2 μl each ventricle) at the following coordinates from bregma: mm, rat: bar nose-2.5, AP − 1.0, L ± 1.5, and 3.7 below the dura mater. Sham-operated rats served as controls (n = 39) and were similarly injected with the corresponding volume of vehicle (phosphate-buffered saline, pH 7.4). Out of 58 rats LPS-injected, 14 rats were also injected with Cyanobacterial LPS (CyP; Bluegreen Biotech, Milano, Italy; 60 μg/3 μl, icv bilaterally, 15 min before and 15 min after LPS), a potent and selective antagonist of TLR4 [29, 30] .
Immunohistochemistry
Rats were killed 6 h (n = 4), 24 h (n = 17), or 7 days (n = 4) after LPS (Suppl Fig. 1; Fig. 1 ). Control animals were sacrificed at the same time points as the experimental rats (n = 2/each time, except for n = 13 at 24 h). Five rats were also injected with CyP and killed 24 h later. Rats were deeply anesthetized using ketamine (75 mg/kg) and medetomidine (0.5 mg/kg) then perfused via the ascending aorta [31, 32] . The brains were removed from skull and post-fixed for 48 h at 4°C. Serial coronal sections (30 μm) were cut on a vibratome throughout the temporal extension of the hippocampus (− 2.0 to − 4.0 mm from bregma; [33] ). We prepared 3 series of 16 sections each and in each series we stained the slices as follows: the 1st slice for IL-1β (Suppl. Figs. 1 and 3a and Fig. 1 ), the 2nd for HMGB1 (Fig. 1) , the 3rd for TLR4 (Fig. 1) , the 4th for HCN1 (Fig. 3) , the 5th for TRIP8b (Fig. 3) , and the 6th for Fluoro-Jade (not shown, refers to rats analyzed in Fig. 3) .
Immunohistochemistry for IL-1β (1:200; Santa Cruz Biotechnology, Heidelberg, Germany), HMGB1 (1:1000; ABCAM, Cambridge, UK), and TLR4 (1:150; Santa Cruz Biotechnology, Heidelberg, Germany) was done as previously described in detail [30, 32, 34] . The IL-1β-immunostained area was measured in the whole temporal slice of the hippocampus (×20 magnification). Three slices/rat (n = 6 sham; n = 6 LPS-24 h) were analyzed using ImageJ software. The area occupied by the specific IL-1β signal was averaged in the three slices/rat and expressed as percentage of the total assessed area (μm 2 ) and this value was used for statistical analysis (Suppl Fig. 1 ).
Quantification of HCN1 and TRIP8b Staining
A cohort of rats was injected with LPS (n = 6) or vehicle (n = 6) and killed after 24 h for immunohistochemical analysis of HCN1 and TRIP8b using custom guinea pig anti-HCN1 (1:1000) [35] ) and mouse anti-TRIP8b (1:1000, N212/17, Neuromab, CA, USA) antibodies using a previously described protocol [36, 37] . Imaging analysis was performed using a Nikon A1 confocal microscope at the Northwestern University Center for Advanced Microscopy (generously supported by NCI CCSG P30 CA060553 awarded to the Robert H, Lurie Comprehensive Cancer Center). Quantification was performed using custom-written routines in MATLAB (Mathworks, Natick, MA, USA). Briefly, regions of interest (ROI) were drawn over each anatomical structure (stratum oriens and stratum pyramidale) as well as a large ROI drawn over the stratum radiatum (SR) and stratum lacunosum moleculare (SLM). The large ROI encompassing the SR and SLM was then subdivided into ten equally spaced ROIs in order to quantify the gradient of HCN channel expression. In order to present the data from two distinct cohorts of animals analyzed independently (n = 3/each group/each cohort), the data were then normalized by the expression in vehicle treated group with the equation X normalized = 100 + 100 × (X raw -SR 1 )/ (SLM 10 -SR 1 ) where X raw is the raw intensity of a given ROI, SR 1 is the raw intensity of the first ROI in the stratum radiatum, and SLM 10 is the intensity of the ROI in the last ROI of the SLM. This procedure ensured that vehicle-injected animals ranged from 100 to 200% intensity and minimized between-cohort variability. In the same brains, adjacent slices were used for IL-1β and HMGB1 immunohistochemistry ( Fig. 1) as described above.
Fluoro-Jade Staining
Three septal slices for each brain from vehicle (n = 6) and LPS rats (24 h after LPS, n = 6) (same rats as above) were matched for antero-posterior level and processed for Fluoro-Jade staining to detect degenerating neurons [38] . Images of the dorsal hippocampus were captured at ×20 magnification using a BX61 microscope equipped with motorized platform (Olympus, Germany) and digitized. The presence or absence of Fluoro-Jade-stained neurons was analyzed in the entire hippocampal slice.
Real-Time Reverse Transcription PCR and Western Blot Analysis
Twenty-four hours after LPS injection, a new cohort of experimental rats and their vehicle-injected controls were decapitated, and the dorsal hippocampi from both hemispheres were rapidly dissected out at 4°C, then frozen on dry ice, and stored at − 80°C until assayed. RT-qPCR of HCN1 transcript and western blotting for the various proteins were performed as described before [19, [39] [40] [41] . mRNA from microdissected septal hippocampal CA1 region was isolated using the Dynabeads mRNA Direct™ Micro Kit (Invitrogen) according to the manufacturer's protocol. cDNA was synthesized by reverse transcription using the RevertAid™ Premium First strand cDNA Synthesis Kit (Fermentas) following the manufacturer's protocol. HCN1 subunit transcript quantification was performed by real-time RT-PCR as described before [40] . Synaptophysin as a neuron-specific gene was used as a reference gene. Briefly, relative quantification of the starting mRNA copy numbers was carried out according to the ΔΔC tmethod using 2× Maxima SYBR Green qPCR Master Mix (Invitrogen), 5pM each oligonucleotide primer (see below), and 1.25 μl synthesized cDNA in a 6.25 μl volume. Quantitative PCR was performed as follows, (n = 5 LPS; n = 5 Sham): 2 min at 50°C, 10 min at 95°C, then 40 cycles of 15 s at 95°C and 1 min at 59°C (ABI Prism 7900HT, Applied Biosystems, Foster City, CA, USA).
For western blot analysis (n = 18 LPS; n = 9 LPS + CyP; n = 19 Sham), we used antibodies against HCN1 (1:1000; Antibodies Inc., Davis, CA, USA [19, [39] [40] [41] ), TRIP8b (1:1000, N212/17, Neuromab, CA, USA [36, 37] ), total Kv4.2 and triply P-Kv4.2 (1:200 and 1:300, respectively; Chemicon, Labon [41] ), ERK1/2 and P-ERK (1:10,000 and 1:5000, respectively; Cell Signaling Technology, Beverly, MA, USA [41] ), IL-1β (1:500; ABCAM, Cambridge, UK [42] ), HMGB1 (1:1000; ABCAM, Cambridge, UK [30] ), and actin (1:5000, Sigma-Aldrich, St. Louis, MO, USA), which is used to normalize the relevant protein bands.
Electrophysiology
Twenty-four hours after LPS injection, a new cohort of LPSinjected rats (n = 6) and their vehicle-injected controls (n = 8) were decapitated, and the dorsal hippocampi were rapidly dissected out at 4°C. Hippocampal slices were prepared from the dorsal hippocampus. ACSF contained (in mM) NaCl 126, KCl 3.5, CaCl2 2, MgCL2 1.3, NaH2PO4 1.2, NaHCO3 26, D-Glucose 10, and NBQX (1 μM), D-APV (50 μM), and bicuculline (10 μM) to block AMPA, NMDA and GABA A receptors, respectively. CA1 pyramidal neurons were recorded at 34 ± 1°C with a solution containing (in mM) KMeSO4 120, KCl 20, EGTA 0.2, MgCl2 2, HEPES 10, Na2ATP 4, Tris GTP 0.3, Phosphocreatine 14, biocytin 0.4%, and KOH to adjust to pH 7.3. All cells and recordings sites were morphologically identified post hoc [19] . Wavelets at varying frequencies were injected in current-clamp mode while the membrane was maintained at − 70 mV [39] . Impedance (Z) was calculated as the ratio of the voltage/current Fourier transforms for each frequency. The resonance frequency, Fres, is the frequency for which |Z| is maximum; the amplification ratio, Q, is defined as the |Z| Fres /|Z| 1 Hz ratio. The impedance phase was calculated as ϕ = tan were made to obtain V 1/2 , the midpoint activation voltage using the tail current.
Statistical Analysis of Data
SPSS or Prism software was used for statistical analysis of data. Data are expressed as mean ± s.e.m. We used MannWhitney test for 2 independent groups and Kruskal-Wallis followed by Dunn's post-hoc test for more than 2 independent groups. p < 0.05 was considered significant.
Results
LPS-Induced Neuroinflammation
On the basis of preliminary dose-response experiments (6.25-25 μg LPS each ventricle), we choose for all the experiments the 50 μg total dose icv (25 μg each side) since this was the minimal dose inducing widespread neuroinflammation in the hippocampus in 100% of rats. LPS injection (50 μg total dose) induced a time-dependent neuroinflammatory response in the hippocampus involving the induction of IL-1β in microglia (Suppl Fig. 1 ).
This response was observed 6 h after LPS in the hippocampal region more adjacent to the ventricular area (Suppl Fig. 1 , panel b vs a) while at 24 h (c) the IL-1β signal was strongly expressed throughout the whole hippocampus. As far as the similarity of our model with an infection scenario, the pattern of microglia activation, associated with increased cytokines, in the hippocampus is very similar to that observed in a murine model of viral infection [43] . IL-1β immunoreactivity declined to levels that were identical to the sham control at 1 week post-LPS (d vs a). IL-1β induction was strongly reduced by icv injection of CyP, as assessed at 24 h (Suppl Fig. 3a) . Co-localization experiments showed that IL-1β was expressed in OX42-positive microglia (e) but not in GFAP-positive astrocytes (f). We did not find evidence of neuronal cell damage in the hippocampus and overlying cortex of LPS-injected rats as assessed by Fluoro-Jade staining in adjacent slices (not shown).
We chose the time of maximal neuroinflammatory response (24 h post-LPS) to quantify the hippocampal changes in IL-1β and HMGB1 expression, two generators of the neuroinflammatory response endowed with neuromodulatory effects [14, 44, 45] . In agreement with the immunohistochemical analysis (Fig. 1, panels b, e vs a, d ), we found a significant increase in both protein levels over their basal values, as assessed by western blot (Fig. 1c, f) . The expression of TLR4, which mediates the LPS effects [22] , was induced in CA1 and CA3 pyramidal cell bodies and dendrites, and in hilar interneurons (Fig. 1g-i) , while it was undetectable in sham controls (not shown).
LPS Effects on HCN1 Channel Expression
HCN1 mRNA levels were not modified by LPS as assessed by quantitative real-time reverse transcription PCR in the dorsal hippocampus 24 h after LPS injection (Fig. 2a) . However, we found a significant 37% reduction in HCN1 protein level measured by western blot ( Fig. 2b; Suppl Fig. 2a, b) which was blocked by icv injection of CyP (Suppl Fig. 3b ). HCN1 downregulation has consistently been found in human and experimental epilepsy [39, [46] [47] [48] where it is driven by the upregulation of the transcriptional neuron-restrictive silencer factor (NRSF) [48] . Moreover, HCN1 channel changes in epilepsy have been associated with the downregulation of Kv4.2, another important dendritic channel [19] . Notably, LPS did not increase NRSF (Fig. 2c) nor did it change Kv4.2 or its phosphorylated (pKv4.2) form (Fig. 2d, e) , or the related kinase ERK/pERK (Fig. 2f, g ). LPS therefore affects specific sets of dendritic channel proteins and mediates downregulation of HCN1 by post-transcriptional modifications.
Analysis of HCN1 Channel Dendritic Trafficking
Given the reduction in HCN1 hippocampal protein, we next investigated the distribution of the channel in CA1 pyramidal neurons by immunohistochemistry [47] in rats killed 24 h after LPS or vehicle injection. Consistent with our western blot results, we measured a significant reduction in HCN1 expression in CA1 pyramidal neurons (Fig. 3b-d) . We next examined if TRIP8b, the HCN channel auxiliary subunit, was similarly changed since TRIP8b plays an important role in subcellular distribution and trafficking of HCN channels [49, 50] . We measured a decrease in TRIP8b expression in CA1 pyramidal neurons by immunohistochemistry (Fig. 3e-g ) but the antibodies and normalized to the respective actin band. *p < 0.05, **p < 0.01 by Mann-Whitney test. g-i Representative images of TLR4 expression in neuronal cell bodies and dentrites of CA1 and CA3 pyramidal neurons and hilar (h) interneurons. TLR4 was not detectable in sham controls (not shown; see Refs [30, 31] ). Rad stratum radiatum (d, e). Scale bar: a, b, g-i 50 μm; d, e 33 μm total protein level did not change as assessed by western blot (Suppl Fig. 2c, d ). Our data therefore indicate that there is a specific loss of both HCN1 and TRIP8b proteins in CA1 pyramidal neurons.
Functional Changes in HCN1 Properties Induced by LPS
We next investigated the impact of HCN1 alterations on I h currents since HCN1 is the main subunit of the channel carrying this current in the hippocampus [25, 51] . Using whole-cell recordings of distal dendrites of CA1 pyramidal cells at the stratum radiatum-stratum lacunosum moleculare border in vehicle (333 ± 8 μm from the soma, n = 8) and LPS-treated (320 ± 8 μm from the soma, n = 6) rats, we found a 50% decrease in the amplitude of I h current (Table 1 ; Fig. 4a, b) 24 h following LPS treatment. These results are consistent with the reduction of HCN1 protein levels. In keeping with the reduction in I h , the input resistance was increased by 20%, and the resting membrane potential was hyperpolarized by 3 mV after LPS ( Table 1) . Downregulation of HCN1 is also often associated with alterations in channel kinetics [39, 46, 48] . We found that the time constants were increased by 50% and the membrane potential for half-maximal activation was shifted by − 7 mV (Table 1 ; Fig. 4a, b) . These changes in I h kinetics further decrease the availability of the channel in the dendrites. We conclude that LPS triggers a dendritic channelopathy by slowing and dampening the I h current.
We then investigated the functional consequences of this channelopathy, focusing on resonance and summation of synaptic inputs as two key functional readouts of I h . I h acts as an inductance L in a RCL electrical circuit [52, 53] and provides resonance (band passfilter) properties in the theta frequency range (4-12 Hz), i.e., filtering out frequencies outside the theta frequency range. LPS treatment altered resonance properties by decreasing Fres, the resonance frequency, and Q, the amplification factor (Table 1 ; Fig. 4c ). HCN channels also modify the temporal response of the membrane [39, 52, 53] . They create an apparent negative time delay up to a critical frequency Fφ, i.e., the voltage response of the membrane appears to precede the inputs generating this response (phase lead). Beyond Fφ, the voltage response follows the input (phase lag). LPS treatment also changed the temporal response of the membrane, shifting Fφ to lower frequencies and decreasing the magnitude of phase advance (Table 1, Fig. 4d ). LPS therefore altered the filtering properties and time responses of dendrites.
Another important function of I h in the dendrites is to shorten temporal summation of synaptic inputs, in order to normalize excitatory inputs when reaching the soma regardless of their dendritic origin [26] . Temporal summation was largely increased after LPS (Fig. 4e, at 20 Hz: Sham, − 8.8 ± 1.5%, n = 8; LPS, − 1.0 ± 1.7%, n = 6; at 50 Hz: Sham, 18 ± 3%, LPS, 29 ± 4%, p < 0.05 between LPS and Sham at 20 and 50 Hz). We conclude that inflammation triggers an acquired HCN1 channelopathy, reducing I h availability, thus changing the integrative properties of CA1 pyramidal cell dendrites.
Discussion
This study provides novel evidence that neuroinflammation, by itself, induces a channelopathy affecting HCN1 and the related I h current, with a direct impact upon membrane integrative properties. The lack of changes in Kv4.2 channel, which is modified together with HCN1 in pathologic conditions such as epilepsy [19] , suggests that neuroinflammation targets specific sets of channel proteins.
Following LPS treatment, we found reduced HCN1 and TRIP8b immunostaining in the hippocampal CA1 region. However, western blotting of whole hippocampal lysate established a reduction in levels of HCN1 but not TRIP8b proteins. The most parsimonious explanation for our data is that there is a reduction in TRIP8b expression specifically in CA1 pyramidal neurons (our immunohistochemical data), but not in distinct cell types in which TRIP8b interacts with other HCN isoforms [54] , and western blot data is not sensitive enough to resolve this difference. LPS induced the HCN1 protein reduction in the absence of corresponding mRNA changes thus suggesting that the channels were degraded. This is consistent with the evidence that loss of TRIP8b leads to increased HCN channel trafficking to lysosomes [49] . We showed previously that a dissociation between TRIP8b and HCN channels after status epilepticus ultimately leads to a reduction in the distal dendritic enrichment pattern of HCN channel trafficking [47] . Here, we have observed a different phenomenon, whereby the distribution of HCN1 channels is more uniformly altered. Moreover, while increased NRSF levels reduce HCN1 transcription in epilepsy [48] , neither NRSF nor HCN1 mRNA were significantly changed by LPS. These results therefore indicate that different mechanisms mediate the HCN1 reduction induced by the two insults-LPS and status epilepticus.
Although the specific molecular cascade responsible for HCN1/I h downregulation is unresolved, the upstream inducer is a TLR4-dependent signaling. The TLR4 involvement is supported by the blockade of LPS-induced HCN1 changes using the specific receptor antagonist CyP. Several epigenetic and post-translational mechanisms have been implicated in HCN1 downregulation [46, 48, 55] . LPS might affect dendritic HCN1 channels via mitogen-activated protein kinases, such as p38 or c-Jun terminal kinases [56] , upon its direct activation of neuronal TLR4. Due to the very short half-life of unbound LPS in tissue [57] , its lasting effects on dendritic I h currents suggest that a persistent LPS-mediated TLR4 activation is not required. It is likely that the LPS effect on HCN1 also involves soluble inflammatory mediators released by microglia following NF-kB-dependent transcriptional gene induction, a phenomenon which may persist after the acute activation of the LPS-TLR4 axis. Two potential candidates are IL-1β and HMGB1, which are both increased in the hippocampus following LPS injection. Their convergent IL-1R1 and TLR4 signaling activation in neurons has been previously reported to modulate neuronal functions, for example by inducing posttranslational changes in glutamate or GABAA receptor-gated channels [44, 45, 58] . Notably, TLR4 expression was undetectable by immunohistochemistry in sham rats [30, 31] . However, basal level of TLR4 expression was measured using RTqPCR [59, 60] . It is likely therefore that immunohistochemistry is not sensitive enough to detect the basal cellular expression of TLR4. Moreover, in vitro experiments demonstrated that LPS can rapidly induce TLR4 in both CNS and non-CNS cell types [61] [62] [63] .
The decrease in I h current is consistent with the downregulation of HCN1. In addition, the negative shift of the activation curve also contributes to the decrease in I h . The negative shift may be due to decreased cAMP binding to the channel [24] as well as altered p38 mitogen-activated protein kinase or protein phosphatase 2B activity [46, 64] . The loss of I h results in important alterations in dendritic information processing. The summation of excitatory inputs is increased after LPS, which, together with the increase in input resistance, would enhance cell excitability. This is consistent with the increased cortical excitability evoked in rats after LPS exposure, which was mediated by the release of IL-1β [16] . In addition, I h is assumed to linearize dendritic synaptic inputs when they reach the soma, thus providing a precise temporal window for synaptic integration [26] . Decreased I h would lead therefore to a loss of temporal precision and inadequate integration of synaptic inputs. These changes, combined with the reduction in the band-pass-filtering properties of the dendrites-which will become less tuned to inputs in the theta frequency range-and the change in the phase response, may alter cognitive processes [39, 65] . The HCN1 reduction could therefore contribute to the cognitive deficits induced by LPS in animals and provoked by sepsis in humans-which are chiefly mediated by IL-1β and HMGB1 [17, [66] [67] [68] , and more in general in CNS disorders associated with neuroinflammation [39, 69, 70] . Of note, neuroinflammation and HCN1 downregulation are co-existing phenomena in epilepsy [20] and PD [3] and LPS also reduces I h currents in myocytes [71] , suggesting that these channels are particularly sensitive to an inflammatory challenge. HCN1 currents also play a key role for pacing the activity of some neurons [24] . It is therefore possible that HCN1 downregulation in the CA1 pyramidal cells will alter the genesis of rhythmic activities [3] .
Although causality remains to be demonstrated, it is interesting to note that HCN1 downregulation, decrease in theta rhythm and cognitive deficits, co-occur in experimental epilepsy [39, 65] . We conclude that neuroinflammation may directly account for some of the key neuronal functional reorganizations associated with neurological disorders, thus potentially contributing and reinforcing the development of phenotypic traits. This evidence supports the use of anti-inflammatory drugs as potential disease-modifying therapies to complement the symptomatic drugs specifically used for a given neurological disorder.
